We report the implementation of a magnetic tweezer using an inductive write head from a hard-disk drive for applying forces to micro-magnetic particles in a microscopy setup. Forces are generated by magnetic particles in reaction to the localized fields across the inductive head gap. This allow for mechanical manipulation and measurement of particles in fluid. The displacement is measured through image processing and particle tracking algorithm from the video capture data. We demonstrated the magnetic tweezer system with application to 1-2 µm paramagnetic and 4.5 µm ferromagnetic microparticles and measured forces in the range of 0.1-4 pN.
INTRODUCTION
Manipulation at the micro-scale has grown to become an important tool for the manipulation of extracellular and intracellular structures in biological studies, especially in the single molecular level 1 . Manipulating molecules or particles at the molecular scale requires forces in the range of femto to pico Newton, and are typically achieved using force probes such as atomic force microscopy cantilevers 2, 3 , glass fibers 4 and magnetic tweezers or optical methods such as optical tweezers 5 . The optical tweezer remains one of the most popular methods of trapping and manipulating micro-particles with typical applied force in the range of 0.1-200 pN. However, for samples sensitive to laser radiation or prone to photodamage, magnetic manipulation using magnetic rather than dielectric particles has become more and more prevalent.
The current magnetic micro-tweezers technology typically makes use of external magnetic pole pieces (permanent magnets 6 or electromagnets 7, 8 ) and gradient coils 9 , microfabricated thin film magnetic patterns as magnetic traps 10, 11 or Magnetic Force Microscopy (MFM) tips 12 as the 'microtweezer' to exert magnetic forces on magnetic labels. Movable permanent magnets have the advantages of being simple and requiring no power, but lack the flexibility to exert time varying forces. Electromagnetic coil assemblies on the other hand are often bulky, while the integration of miniature coils into the fluidic platform requires complex multi-step microfabrication processes.
In order to avoid using a large macroscopic coil setup for magnetic manipulation, we report the development of a magnetic micro-tweezer that uses the magnetic recording head as a tool to scan and manipulate magnetic material in solution. In our system, localized magnetic field gradients from an inductive head are used to produce a force on a superparamagnetic object. The field gradients exist due to the inherent design of the inductive head which uses the stray or fringing fields from the head gap to carry out recording or reading of a magnetic medium. In the current application, these stray fields are instead used as a potential well that traps magnetic particles at a prescribed location. These stray fields can be switched on or off by controlling the current flowing through the coil winding around the highly permeable inductive head material. Since these inductive heads are small, they can be mounted onto a scanning stage setup and positioned to different locations for precise placement of particles. Moreover, they require currents below 100 mA, eliminating any of the sample heating issues associated with high-current external coil assemblies.
I. INDUCTIVE HARD DISK HEAD
A conventional inductive magnetic recording head, illustrated in Figure 1 , consists of a toroid (A) of highly permeable magnetic material wound by one or more conductor turns. This core provide a path for the magnetic flux, which creates a field between the pole tips (B) during writing. The flux is generated by currents flowing in the copper turns (C) in accordance with Gauss's law. To provide a high field, the gap dimension (the length of the region in which the two pole tips are in close proximity) is kept small. Figure 2 shows the image of the ferrite core inductive head that was used as the magnetic tweezer. These heads are used in PC hard disk drives in the late 1980s to mid 1990s, usually in the 100 to 1000 MB capacity range. They are fabricated using semiconductor based microfabrication techniques to achieve gaps that have a gap length, g in the range of 1-0.3 µm. 
Magnetic field from Inductive head
In order to estimate the field generated in gap, the Karlqvist approximation is used:
, N is the number of turns of the copper winding, g is the gap length and i is the input current to the head.
The Karlqvist formulae give reasonable estimates for distances that are larger than 0.5g from the gap. Figure 3 shows the longitudinal (x) component of the Karlqvist field, H x for varying distances from the head surface, with the strongest field component at the centre of the gap Hence, for an inductive head with a gap of 0.3 um, as shown in Figure 2b , the magnetic force generated on the beads by applying a constant current of 40 mA to the recording head, generates magnetic field of about 6.8 kOe at a distance of 550 nm from the head.
II. DESIGN OF APPARATUS

Fluid Cell Fabrication
Since the field strength from the head gap is dependent on the distance away from the particles (y), it is important to keep this distance small in order to generate large field gradients for particle trapping. A fluidic cell is designed to contain the magnetic particles in solution and at the same time allow for close proximity between the recording head and the material within the fluid cell through a thin dielectric bottom layer. The fluid cell platform consists of 500 µm deep patterned silicon wells as illustrated in Figure 4 . The wells are fabricated by coating a silicon wafer with a 500 nm thick layer of low stress silicon nitride deposited by chemical vapor deposition (CVD). The silicon nitride layer on the top of the wafer is photolithographically patterned and plasma etched to define the openings of the wells. A subsequent KOH etch is carried out for ~6hrs to etch through the silicon that is exposed in each opening, finally forming a 500 nm thick silicon-nitride membrane layer at the bottom of each well.
The inductive head is mounted beneath the fluid cell platform on a scanning x-y stage that can be used to control the position of the head with respect to the fluid cell, thus providing a means to control and position magnetic microparticles, as illustrated in Figure 5 . The stage motion is computer controlled using LABVIEW to allow stage motion in both the x and y directions with a scan speed of ~1mm/s and a resolution of 1µm. This system is placed underneath an upright microscope (Olympus BX40) mounted on a vibration isolation stage. A long working distance 50X or 20X objective lens (Olympus LMPlanFL) is used to observe the particles inside the microwell.
III VIDEO ACQUISITION AND IMAGE ANALYSIS
Video Acquisition
A CCD camera (Sony XC-77CE) is used to capture the images of the sample. The field of view at 20X magnification is 240 µm by 180 µm, resulting in a resolution of 0.375 µm/pixel. The image acquisition is controlled using an external trigger and the data is sent to the image acquisition computer through an 8-bit resolution frame grabber (Matrox Meteor-II).
Image Analysis
An image-based particle tracking routine was developed using image processing tools in MATLAB. The video was captured at a constant frame rate utilizing the frame grabber card. Color image frames are captured in NTSC format, digitized, and converted to greyscale before applying preprocessing techniques such as noise reduction or contrast adjustment. The frames are then converted to a binary format by thresholding the intensity levels. In this process, a threshold value for the intensities in the grayscale image is determined that will separate the background from the foreground or specifically separate the particles from the background. The resulting image contains only white (intensity level of 255) and black (intensity level of 0) pixels. The centroid of each particle is identified using an image processing algorithm derived from the distance mapping transform. In this algorithm, the centroid is the point within the particle that has the largest distance to the image background. By identifying the centroid of each bead in successive image frames, we determined the distance traveled by the bead and the bead velocity. 
IV RESULTS AND DISCUSSION
Three types of commercial magnetic polystyrene beads were manipulated using the micro-tweezers apparatus: 4.5 µm diameter ferromagnetic beads containing CrO 2 outer coating (Spherotech) and 1 to 2 um diameter paramagnetic beads containing Fe 3 O 4 (Polysciences).
A diluted solution of particles is placed inside the microwell mounted above the inductive head. An applied constant current of 40mA is then sent through the inductive head. Figure 7 illustrates sequences of images for both 4.5 µm ferromagnetic and 2 µm paramagnetic beads, where the circled areas indicate the particle of interest. The video data is captured at 50 frames per second to track the particles as they move from various positions and distances away from the inductive head to the center of the head gap. As described in the preceding section, a sequence of image frames is analyzed to extract the location of each particle's centroid in order to determine the distance traveled with respect to the inductive head. With both time information from the frame rate and distance tracked using image analysis, the velocity of the particles can be determined. Figure 8 shows the distance and velocity profile of the ferromagnetic particles as they move from their respective starting point to the center of the inductive head element and remain trapped at the location. The amplitude of the applied magnetic force may be estimated based on the opposing hydrodynamic drag force. Stokes flow across the particle is used to estimate the amount of hydrodynamic drag:
where ∆V describes the velocity difference between the particle and the fluid, η is the viscosity of the medium which is estimated to be around 8.9x10 -4 Ns/m 2 for phosphate-buffered saline (PBS) solution and r is the particle radius. For an average velocity of 60 µm/s for 4.5 µm magnetic particles, this translates to an applied force of ~2.5 pN for beads at a distance of 500 nm from the head.
The velocity and displacement profiles of a paramagnetic particle, shown in Figure 9 , have a much more parabolic profile in comparison with ferromagnetic particles. There is a distinct increase in the particle velocity as it approaches the center of the head gap due to the higher flux gradient at the gap. The variation in the velocity profile between the different magnetic particles can be attributed to the different magnetic characteristics of these particles.
The high remanent magnetization of the ferromagnetic particles coupled with the larger particle size result in larger magnetic forces acting on the particle for the same field gradients, since the magnetic forces can be described as 13 :
where m is the magnetic dipole moment of the particle and B is the magnetic flux density. For a magnetically saturated ferromagnetic material, the dipole moment, m can be expressed as the permanent or saturation moment, m = m sat ; while in the case of the paramagnetic particles, the magnetic dipole moment is an induced moment expressed as the volume magnetization of the particle induced by the external magnetic field:
where B is the magnetic flux density, r is the particle radius, χ is the magnetic susceptibility of the particle and µ o is the magnetic permeability of vacuum.
The magnetization of a paramagnetic particle has a nonlinear dependence on the applied field and the approach angle. The smaller magnetic moment of these paramagnetic particles as compared to the permanent dipole of the ferromagnetic particles also plays a part in the smaller force induced. At a distance close to the inductive head gap, we measure forces of ~3 pN on 4.5 µm ferromagnetic particles, 0.2 pN on 1 µm and 0.5 pN on 2 µm paramagnetic particles, comparable in magnitude to forces generated by other researchers using complex coil assemblies.
The magnetic forces applied can be increased by increasing the current applied to the inductive head and by using a thinner nitride membrane at the bottom of the cell. The thickness of the membrane layer can be reduced to ~100 nm without significantly affecting the resilience of the membrane layer. Because the gap field gradients diminish with distance as 1/r 3 , reducing the membrane thickness by a factor of five will increase the magnetic force by roughly two orders of magnitude.
V CONCLUSION
The setup described above is a preliminary prototype to demonstrate the proof-of-concept manipulation of micron sized magnetic particles in solution using a low cost inductive head found in the hard disk drive. This function is achieved through the use of localized field gradients across the 0.3 µm gap of the inductive head, which produces a force on ferromagnetic or paramagnetic particles. The inductive head can be mounted on x-y stages to allow for submicron resolution positioning of particles suspended in a fluid cell with a bottom layer of thin nitride membrane. Video imaging of the particles' motion allows for the measurement of the position of particles.. The forces are subsequently determined through comparison with the viscous drag. For particles approximately 500 nm from the inductive head, the magnetic force ranges from 0.2 pN to 4 pN for an input current of 40mA.
